Introduction {#s1}
============

Rodents collect tactile information using a set a facial whiskers present on both sides of their snout. Sweeping these vibrissae against objects and surfaces at frequencies within 5--20 Hz enables rodents to perform tasks such as object localization, shape recognition, and texture discrimination ([@BHU052C5]; [@BHU052C45]; [@BHU052C17]; [@BHU052C16]; [@BHU052C23]). The posteromedial barrel subfield (PMBSF) in the primary somatosensory area of rodents is home to a somatotopic representation of the facial vibrissae on the contralateral side of the snout. A striking feature of this representation is found in the so-called barrel field in the granular layer (layer IV or LIV), where single vibrissae are represented as a dense, discrete cluster of cells called "barrel". Neurons contained within each barrel respond primarily to stimulation of their corresponding whisker ([@BHU052C69]; [@BHU052C63]; [@BHU052C1]; [@BHU052C45]).

In the *reeler* mouse, a homozygous loss of function of the reelin protein leads to abnormal development of the neocortex and other laminated structures characterized by a disturbance and even a loss of cortical lamination ([@BHU052C22]; [@BHU052C21]; [@BHU052C60]; [@BHU052C14]; [@BHU052C62]; [@BHU052C4]). The somatosensory cortex in particular is highly disorganized and devoid of lamination, while retaining columnar organization. Indeed, the barrel field still develops, albeit in a disturbed fashion, and thalamocortical fibers carrying tactile information from the ventral posteromedial thalamic nucleus (VPM) reach the barrel cortex ([@BHU052C7]; [@BHU052C28]). It is unclear however, what consequences the loss of cortical layers has on the organization of a functional sensory map in the primary somatosensory cortex and the ability of thalamocortical input to reliably drive cortical network activity.

Intrinsic signal optical imaging (ISOI) is a functional imaging method which, when used in vivo, can measure evoked hemodynamic signals in the cortex and provide insights into its functional architecture ([@BHU052C27]; [@BHU052C25]; [@BHU052C61]). This method has been used to investigate sensory map organization ([@BHU052C39]; [@BHU052C51]; [@BHU052C54]), plasticity ([@BHU052C49]; [@BHU052C19]), neurovascular coupling ([@BHU052C38]), and functional connectivity ([@BHU052C66]) in vivo but also in vitro ([@BHU052C30]). In the present study, we used ISOI in vivo to explore the organization and function of the somatosensory cortex, and provide the first evidence of somatotopy in the highly disorganized *reeler* barrel cortex from functional imaging in vivo.

Methods {#s2}
=======

Animals {#s2a}
-------

All experiments were carried out in accordance with German and EU legislation regarding animal research. Three types of experiments were conducted on separate subsets of animals in the present study.

In a first set of experiments, we mapped the functional representation of 9 whiskers, namely C2 and its 8 immediate neighbors, in 6 B6C3Fe wild-type (WT) and 7 B6C3Fe *reeler* mice. A subset of experiments were performed on transgenic animals henceforth referred to as LIV^tdTomato^ either WT or *reeler* (*n* = 2 animals per group). LIV^tdTomato^ animals express tdTomato in LIV neurons, enabling the visualization of the barrel field without the need of any other specific staining. LIV^tdTomato^ were generated by first crossing heterozygous *reeler* animals (B6C3Fe Reln ±) with Scnn1a-Tg3-Cre mice (full strain name: B6.Cg-Tg(Scnn1a-cre)3Aibs/J; Stock Number: 009613, Jackson Laboratory). The resulting Scnn1a-Tg3-Cre *reelers* were then crossed again with each other and animals homozygous for Scnn1a and heterozygous for *Reln* were chosen for further crossings. ROSA-Tomato-LSL mice (full strain name: B6; 129S6-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J; Stock number:007905; Jackson Laboratory) were crossed with heterozygous *reeler* in the same way, the resulting strain was called ROSA-Tomato-LSL *reeler*. Crossing of Scnn1a-Tg3-Cre *reeler* and Tomato-LSL *reeler* resulted in LIV specific expression of tdTomato in LIV fated cells. Thus, the respective mouse line was called LIV^tdTomato^. Heterozygous *reeler* animals were not used for analysis.

In a second set of experiments, we determined the mean amplitude and area of intrinsic signals evoked by stimulating whisker C2 at different, discrete frequencies (see below and Fig. [4](#BHU052F4){ref-type="fig"}). These experiments were conducted on 11 B6C3Fe WT and 12 B6C3Fe *reeler* animals, all adults over 3 months of age and of either gender. Figure 1.Cytoarchitecture of the barrel field in LIV^tdTomato^ WT and *reeler* mice. (*A* and *B*) Coronal sections through the barrel field of LIV^tdTomato^ WT and *reeler*, respectively. (*C* and *D*) Tangential sections through the barrel field of LIV^tdTomato^ WT and *reeler*, respectively. A subset of barrels and barrel equivalents clusters of dTomato positive cells are marked for comparison (white asterisks). Both sections were obtained from comparable depths of ∼400 μm below the pia. ALBSF, anterior lateral barrel subfield; Au1, primary auditory cortex; HC, Hippocampus; PMBSF, posterior medial barrel subfield; RV, right ventricle; V1, primary visual cortex; VB, ventrobasal nucleus. Scale bar: 1000 μm.

An additional 6 B6C3Fe WT and 6 B6C3Fe *reeler* were used in a further series of experiments where we sought to label the blood vessels in the barrel cortex (see below and Fig. [5](#BHU052F5){ref-type="fig"}). Figure 2.The hemodynamic response to single-whisker stimulation in WT and *reeler* mice. (*A*) Time series of camera frames illustrating the response to stimulation of whisker C2 at 5 Hz for 2 s in 2 representative examples of WT and *reeler* animals. Stimulation starts at time 0, each frame represents 200 ms. The camera frame immediately before stimulation onset was used as reference for normalization; the scale bar represents fractional change in reflectance with respect to that frame. Stimulation evoked a localized hemodynamic response corresponding to the sensory representation of whisker C2 in WT but also in *reeler* mice. Neither the mean latency nor mean duration of the evoked intrinsic signal differed significantly between genotypes (one-way ANOVA, P = 0.7 and P = 0.46, respectively). (*B* and *C*) Left, photograph of the surface vasculature in 2 representative examples corresponding to the data in *A*. SCV, superior cerebral vein, MCA, middle cerebral artery, M, medial, L, lateral, A, anterior, P, posterior. Scale bar: 500 μm. Right, sensory maps obtained by binning 15 frames spanning the period from 1 to 4 s after stimulation, applying Gaussian blur with σ = 86 μm and subtracting the median of the filtered image.

Surgery {#s2b}
-------

Surgery was performed on all animals used for ISOI experiments (*n* = 27). Mice were anesthetized with intraperitoneal injection of urethane (1.8 g/kg, Sigma-Aldrich, MO) dissolved in a 0.9% sodium chloride solution. Atropine (0.5 mg/kg, Sigma-Aldrich) was injected subcutaneously to minimize breathing impairment caused by urethane. Body temperature was maintained at 37 °C with a heating pad (ATC 1000, World Precision Instruments, Florida) and a life monitoring system was used to monitor breathing rate, heart rate, and blood oxygen levels throughout the experiment (Mouse Ox, Starr Life Science Corp., Pennsylvania). Data obtained during the experiments was discarded if the oxygen saturation level dropped below 80%. Lidocaine (Xylocaine 2%, AstraZeneca, Germany) was injected subcutaneously under the scalp. The scalp was dissected out to reveal the skull, and a custom built head post was attached to the right side of the skull with cyanoacrylate adhesive to facilitate head fixation during imaging. The skull over the left somatosensory cortex was carefully thinned to transparency with a dental drill (OS-40, Osada Electric Company, Japan) under regular cooling from a 0.9% sodium chloride solution. A ring of dental cement was raised around the resulting cranial window, filled with saline, topped with an 8 mm diameter round cover glass (Electron Microscopy Sciences, PA) and sealed with Vaseline, thus forming an optical chamber through which illumination of, and image acquisition from the somatosensory cortex was possible. The whiskers on the contralateral side of the snout were shaved except C2 and its 8 immediately adjacent neighbors, which were trimmed to ∼1 cm in length instead.

Whisker Stimulation {#s2c}
-------------------

Whisker stimulation was achieved by inserting individual whiskers into a glass capillary (1.5 mm outer diameter, World Precision Instruments, Florida) glued to a piezo actuator activated by a computer controlled amplifier (E-650 LVPZT, Physik Instrumente, Germany). Stimulation consisted in rostro-caudal deflections of ∼1 mm, delivered for 2 s at controlled frequencies (1, 5, 10, or 25 Hz).

Intrinsic Signal Optical Imaging {#s2d}
--------------------------------

In order to acquire images from the cortex, we used a CCD camera (Adimec 1000 m, Adimec, The Netherlands) mounted on a tandem lens assembly composed of a 50 mm Nikon bottom lens adapted on a 135 mm Nikon top lens for a final magnification of ×2.7. The maximum resolution of the CCD camera was 1000 × 1000 pixels with a final pixel size of ∼2.8 × 2.8 μm. The CCD camera was coupled to an Imager 3001 data acquisition system (Optical Imaging, Israel). We obtained pictures of the superficial blood vessel pattern by focusing the camera on the pial surface while illuminating the cortex with a 100 W halogen lamp with stable power supply (Kepco ATE 15--15 M, Kepco, Japan), filtered through a 546 nm filter, in order to enhance contrast between blood vessels and surrounding parenchyma. For functional imaging, the focal plane was subsequently moved 300 μm below the pial surface and the illumination wavelength was changed to 630 nm by exchanging filters. The light intensity was adjusted to just below camera saturation in every experiment.

Two data sets were obtained from our experiments. When mapping cortical representation of 9 individual whiskers in LIV^tdTomato^ animals, (*n* = 17), full resolution data frames were acquired at a rate of 50 frames per second (fps) and binned to a rate of 5 fps. Data acquisition started 0.2 s after stimulation onset and lasted 2 s, with 30 s between individual trials, and the stimulation was delivered at 5 Hz for 2 s. 30 trials were averaged in order to improve signal-to-noise ratio. This data set was used to localize the functional representations of individual whisker with respect to one another.

In another set of experiments, a separate data set was obtained on which to quantify the amplitude and area of the intrinsic signal evoked by whisker stimulation (*n* = 11 B6C3Fe WT and 12 B6C3Fe *reeler*). In these experiments, data frames were acquired as described above with an additional 9 × 9 spatial binning. Data acquisition started 15 s before stimulation onset and lasted 36 s, with 60 s between individual trials. Whisker stimulation lasted 2 s and was delivered to whisker C2 at varying frequencies (see below). 20 trials were averaged for every stimulus condition. Whisker stimulation and data acquisition were synchronized with custom written LabVIEW routines (National Instruments, TX).

Perfusion and Tissue Collection {#s2e}
-------------------------------

At the end of the imaging experiments, animals were given an overdose of urethane intraperitoneally and were transcardially perfused with 10% sucrose followed by a 4% paraformaldehyde (PFA) solution containing 15% (v/v) picric acid in 0.1 M phosphate buffer (PB). The brain was collected; the cortex over the left hemisphere was dissected out, flattened, and postfixed overnight in the same fixative ([@BHU052C64]).

Animals used for staining of blood vessels were given an overdose of ketamine hydrochloride intraperitoneally and decapitated before the brain was dissected out and fixed by immersion in 4% PFA-15% picric acid in 0.1 M PB overnight.

Histochemistry {#s2f}
--------------

4′,6-Diamidino-2-phenylindole (DAPI) staining was carried out on tissue collected from LIV^tdTomato^ animals. The flattened cortex was cut in 100 μm thick tangential sections on a vibratome (VT1200S, Leica, Germany), collected and rinsed in PB buffer (pH 7.4). DAPI staining was done according to the manufacturer\'s specifications (Molecular Probes, Oregon), before the sections were mounted and coverslipped with Aqua-Polymount (Polysciences, Pennsylvania). Because LIV fated cells constitutively express dTomato in LIV^tdTomato^ animals, no further staining was necessary to reveal the barrel field.

The tissue obtained from animals used in the blood vessel quantification (*n* = 6 animals per group, see Fig. [5](#BHU052F5){ref-type="fig"}) was stained with DAB (diaminobenzidine tetrahydrochloride dihydrate, Roth, Germany). Serial, 100 μm-thick coronal sections containing the barrel field were cut on a vibratome, collected and rinsed several times in PB (pH 7.4). They were subsequently incubated for at least 90 min in 0.01 M phosphate-buffered saline containing 25% saccharose and 10% glycerol, followed by 3 freeze/thaw cycles on dry ice. After rinsing with PB (3 × 15 min), 0.05 M TRIS buffer (TB, pH 7.4, 15 min) and TRIS-buffered saline (TBS, pH 7.4, 2 × 15 min), the sections were incubated overnight at 8 °C in TBS containing avidin and biotinylated horseradish peroxidase diluted at 1:400 each (ABC Vectastain, Vector Laboratories, California). Sections were recovered the next day, rinsed in TBS for 20 min and thrice in TB for 20 min, before incubation with 0.5 mg/mL DAB in TB. The reaction was started by adding 1 μL TB containing 1% hydrogen peroxide, allowed to develop under regular visual control, and stopped by rinsing thrice in TB. We proceeded with a cytochrome oxidase staining as described by [@BHU052C68]. Finally, the sections were mounted and coverslipped with Aqua-Polymount.

Data Analysis {#s2g}
-------------

Analysis of intrinsic signals was performed with custom written MATLAB programs (The MathWorks, Massachusetts). Series of camera frames were normalized using the following formula: Δ*R*/*R*~o~ = (*R* − *R*~o~)/*R*o, where Δ*R*/*R*~o~ is the fractional change in reflectance from reference, *R* is the light reflected during any given frame and *R*~o~ the light reflected during the reference frame immediately preceding whisker stimulation onset.

The data obtained from experiments on LIV^tdTomato^, where the localization of the functional representations of 9 individual whiskers was recorded, was processed in the following way. The 5 data frames spanning 1.2--2.2 s after stimulation onset, when the intrinsic signal is clearly visible (Fig. [2](#BHU052F2){ref-type="fig"}), were averaged. A Gaussian filter (*σ* = 86 μm) was applied to the resulting frame to improve threshold detection, and the median of the data frame was subtracted to minimize the effect of noise, especially the slow spontaneous oscillations in reflectance ([@BHU052C40]; [@BHU052C19]). In order to localize the intrinsic signals evoked by stimulation of different whiskers with minimal overlap, we extracted the contour lines encompassing the area where the signals were at 90% of their maximum (Fig. [3](#BHU052F3){ref-type="fig"} and [@BHU052C11]). Figure 3.Sensory map organization in WT and *reeler* somatosensory cortex. (*A* and *C*) Pseudo 3D-reconstruction of the location of the hemodynamic response evoked by single-whisker stimulation with respect to the barrel field in WTand *reeler*, respectively. Top: photograph of the superficial blood vessels acquired during the experiment under a 546 nm wavelength illumination (scale bar: 500 μm). Bottom: the barrel field was reconstructed postmortem from tangential sections through the barrel cortex of LIV^tdTomato^ mice. Middle: surface plot of the averaged intrinsic signal evoked by stimulating the C1 whisker at 5 Hz for 2 s (scale bar in absolute values). The location of the peak and 90% of maximum isoline were mapped on the barrel field after aligning the blood vessels present in the reconstructions of the serial tangential sections with those present in the pial surface photograph of the living animal. (*B* and *D*) overlay of peak (x) and 90% maximum isolines locations of 9 intrinsic signals evoked by sequential stimulation of 9 whiskers in the same WT and *reeler* mouse, respectively. The spatial relationship between the functional intrinsic signals locations show a rough match with those of individual structural barrels. Scale bar: 250 μm. Figure 4.Stimulus representation in WT and *reeler* mice. (*A*) Top, representation of whisker C2 overlaid with threshold isolines. The level of subsequent thresholds is indicated on the scale bar, which represents fractional change in reflectance. The asterisk labels the peak amplitude of the evoked response. Bottom, same data as top in absolute value. (*B*) Peak amplitude of evoked response (in fractional change in reflectance, absolute value) as a function of stimulation frequency (mean ± standard error of mean \[SEM\], n.s.: nonsignificant, ANOVA, *P* = 0.71). (*C*) Area encompassed within isolines of thresholds indicated in *A* as a function of stimulation frequency (in mm^2^, mean ± SEM, n.s.: nonsignificant, ANOVA, *P* = 0.12, *P* = 0.09, and *P* = 0.35 for 5, 10, and 25 Hz, respectively). The 1 Hz stimulation frequency did not evoke responses that consistently reached threshold values and is therefore not represented here. *N* = 11 WT and 12 *reeler*.

In order to map intrinsic signals on the barrel field, we reconstructed the barrel field and pial vascular network from serial tangential sections of LIV^tdTomato^ mice cortex under the ×5 objective of an Axio Imager M2 microscope (Zeiss, Germany) using the Neurolucida software (MBF Bioscience, Vermont). Before mapping the location of sensory evoked signals on the reconstructed barrel field, we used a warping algorithm written in MATLAB and designed to align the reconstructed pial vascular network to the one photographed during the experiment, using a set of fiducial points in order to partly compensate for the curvature of the brain and distortion of the tissue (see Fig. [3](#BHU052F3){ref-type="fig"}).

The data obtained from B6C3Fe animals and used for quantifying the amplitude and area of the response evoked by stimulation at varying frequencies was treated as described above, with a few notable differences. The 15 frames spanning the 1--4 s after stimulation onset were averaged, and a Gaussian filter with *σ* = 130 μm was applied to the resulting frame because of the lower spatial resolution resulting from the spatial binning procedure. The median of the resulting frame was subtracted. We measured the response amplitude as the peak d*R*/*R*~o~ value in the resulting data frame, which was always located within the region activated by whisker stimulation, and fixed thresholds (1, 2, 3, 4, and 5 × 10e−4) where applied to all experiments for area measurements (see Fig. [4](#BHU052F4){ref-type="fig"} and [@BHU052C11]).

Images of coronal sections stained with DAB and used for blood vessel density analysis were acquired with the ×5 objective of an AXIO Imager M2 microscope and digitized with an AXIO cam MRm CCD camera (Zeiss). Minimum intensity projections were obtained from stacks of pictures acquired in 5 μm steps through the thickness of each individual 100 μm thick sections (*n* = 6 animals per group). We examined 6 successive coronal sections through the barrel field in each animal. A threshold detection algorithm written in MATLAB was applied to calculate the relative section surface occupied by stained erythrocytes and thus blood vessels within selected regions of interest (ROIs). Briefly, the surface of the pia over the barrel field was manually outlined in pictures of coronal sections. The algorithm automatically generated successive, 100 μm-thick ROIs starting at the outline of the pia and covering the entire cortical thickness. The number of pixels detected above threshold in each successive bin was divided by the total number of pixels in that bin, resulting in an estimate of blood vessels density in dimensionless numbers reported as arbitrary units (see Fig. [5](#BHU052F5){ref-type="fig"}).

Statistical analysis was carried out with SigmaPlot (Systat Software Inc., Illinois) and STATISTICA (Statsoft, Oklahoma) software with a significance threshold at *P* = 0.05.

Results {#s3}
=======

Cytoarchitectonic Features of the Barrel Field in Reeler and WT Mice {#s3a}
--------------------------------------------------------------------

In order to visualize the cytoarchitecture of the barrel field in both genotypes, we took advantage of our LIV^tdTomato^ reeler and WT mice lines, in which Cre recombinase is expressed under the Scnn1a promoter (nonvoltage gated sodium channel, subunit alpha) while dTomato is expressed in a Cre-dependent manner ([@BHU052C35]). The resulting distribution of dTomato positive cells is illustrated in Figure [1](#BHU052F1){ref-type="fig"}, where Figure [1](#BHU052F1){ref-type="fig"}*A*,*C* are photographs of coronal and tangential sections through the somatosensory cortices of a WT mouse, respectively. In the coronal section, dTomato positive cells are found in LIV of the neocortex and to a lesser degree in thalamic structures, with the strongest expression located in the posterior medial barrel subfield (PMBSF). More specifically, dTomato positive cells form clusters, or barrels, in LIV of the PMBSF (examples are marked with white asterisks in Fig. [1](#BHU052F1){ref-type="fig"}). Such structures are also obvious in a tangential section through the PMBSF (Fig. [1](#BHU052F1){ref-type="fig"}*C*), where the characteristic barrel field, organized in arcs and rows, is visible and individual barrels can indeed be recognized ([@BHU052C69]; [@BHU052C63]). Thus, dTomato expression appears to be enriched in LIV of the LIV^tdTomato^ mouse cortex and can hence provide a mean to reliably identify single barrels in WT animals and their equivalents in *reeler*. Clusters of dTomato expressing cells are also present in the cortex of *reele*r animals (Fig. [1](#BHU052F1){ref-type="fig"}*B*) although they are not restricted to a single layer but rather span almost the entire cortical thickness, in agreement with the loss of lamination characteristic of this mutant ([@BHU052C14]; [@BHU052C62]; [@BHU052C4]). These clusters are also visible in tangential sections (Fig. [1](#BHU052F1){ref-type="fig"}*D*) where they form a recognizable barrel field. A previous study from our laboratory established that barrel equivalents in *reeler* have a significantly less symmetrical shape than their WT counterpart, are smaller, but occupy a proportionally equivalent size when taking the overall hypotrophy of the *reeler* brain into account ([@BHU052C62]). The cellular composition of the *reeler* cortex has been the subject of scrutiny as well, revealing for instance that the total number of cells within a radial column does not differ from WT ([@BHU052C26]; [@BHU052C48]). Although the composition of the cortical neuronal population has been shown to differ between genotypes, with a relative increase in the proportion of late generated neurons and a corresponding decrease in the share of early generated neurons in *reeler* ([@BHU052C48]), the number of LIV equivalent cells, which form barrel-like clusters, does not differ from WT ([@BHU052C62]). Overall, the main cytoarchitectonic feature of the *reeler* barrel field is a disturbance of its radial organization while its tangential organization is essentially preserved ([@BHU052C7]; [@BHU052C9]; [@BHU052C62]; [@BHU052C4]). Figure 5.Vascular network in the barrel cortex of WT and *reeler* mice. (*A* and *B*) Coronal sections through the somatosensory cortex of 2 representative WT and *reeler* mice, respectively (*n* = 6 in each group). DAB staining was used to stain erythrocytes in an unperfused brain, providing an indirect but efficient way of revealing the vascular network of the somatosensory cortex. wm: white matter. Scale bar: 100 μm. (*C*) Relative density of blood vessels as a function of depth in WT (left) and *reeler* (right) animals. Density was calculated in 100 μm bins from the pia to the white matter. The first 100 μm below the pia were excluded because a heightened background was consistently found near the pia.

Sensory Map Organization in Reeler and WT Mice {#s3b}
----------------------------------------------

Our surgical procedures allowed us to prepare optical chambers over the barrel cortex which enabled acquisition of detailed images from the cortex where individual vessels were clearly recognizable (Fig. [2](#BHU052F2){ref-type="fig"}*B*,*C*, left). Figure [2](#BHU052F2){ref-type="fig"} A shows representative results of intrinsic signals evoked by stimulation of whisker C2 in 2 WT and 2 *reeler* mice under urethane anesthesia. Variations in blood volume and hemoglobin oxygen saturation levels are expressed as changes in reflectance with respect to a reference frame corresponding to the 200 ms preceding stimulation onset (time: −0.2 in Fig. [2](#BHU052F2){ref-type="fig"}), such that increases in blood supply and oxygenation following enhanced neuronal activity, which locally cause an increase in light absorption, are represented in blue shades. The intrinsic signal recorded across entire camera frames over time comprised several components, such as spontaneous variations in blood supply to the cortex and vascular artifacts (visible in the later frames of WT 1, for instance). In addition to these spontaneous components, we were able to reliably record hemodynamic signals evoked by sensory stimulation and appearing as spatially restricted increases in blood supply and oxygenation (see frames 1.8 and 2). We investigated the temporal dynamics of the intrinsic signal by measuring its latency and duration for comparison between genotypes. The intrinsic signal typically became visible within 1 s of stimulation onset and returned to baseline within ∼10 s of stimulation onset in both groups. Neither response latency nor response duration were significantly different when comparing genotypes (mean onset latency and standard deviation (SD): 0.76 ± 0.15 s in WT, 0.73 ± 0.1 s in *reeler*, one-way analysis of variance (ANOVA): *P* = 0.7; mean duration and SD: 8.9 ± 1.7 s in WT, 8 ± 2 s in *reeler*, one-way ANOVA: *P* = 0.46; *n* = 10 and 9 for WT and *reeler*, respectively). The time course of the intrinsic signals in *reeler* is therefore very similar to that in WT.

We next used ISOI to determine whether somatotopy exists in functional maps in the WT and *reeler* barrel cortex. Indeed, by binning 15 frames spanning 1--4 s from whisker stimulation onset, it was possible to reliably extract spatially restricted intrinsic signals corresponding to the sensory representation of the stimulated whiskers in the imaged cortex (Fig. [2](#BHU052F2){ref-type="fig"}*B*,*C*, right). Therefore, we stimulated an array of 3 × 3 whiskers (centered on C2 because of its central position in the whisker pad) in LIV^tdTomato^ animals, which enabled us to determine whether their functional representations were aligned along rows and arcs in the same manner barrels are aligned in the barrel field. In addition, we reconstructed the barrel field and superficial blood vessel pattern from tangential sections (representative examples are shown in Fig. [3](#BHU052F3){ref-type="fig"}*A*,*C*). By aligning the reconstructed superficial vasculature with that photographed during the experiment, it was possible to map the localization of any given whisker representation on the barrel field. Hence, we could examine the spatial relationships of functional whisker representations with one another in functional maps and compare the resulting pattern with that formed by barrels in the anatomical barrel field.

In WT animals, sequential stimulation of whiskers along a row, for instance whiskers B1 to B3, yielded intrinsic signals which were aligned along a "row axis". This alignment matched that observed between the corresponding barrels in the anatomical barrel field (Fig. [3](#BHU052F3){ref-type="fig"}*B*). In addition, sequential stimulation of whiskers along an arc, such as whiskers D1, C1, and B1, evoked intrinsic signals that were also aligned along an "arc axis" similar to that defined by their corresponding barrels. In both the functional and anatomical maps of the whisker pad, the row and arc axis intersected at a roughly perpendicular angle. These similarities between the functional and anatomical maps constitute evidence for the existence of somatotopy at the level of functional sensory maps, as previous authors have demonstrated ([@BHU052C39]).

How is the sensory map of the whisker pad spatially organized in the otherwise highly disorganized *reeler* barrel cortex? We applied the same sequential stimulation of 9 whiskers to *reeler* animals (Fig. [3](#BHU052F3){ref-type="fig"}*D*) to probe the spatial relationships of their functional representations. Stimulation of whiskers along a row evoked intrinsic signals which were aligned, as they were in WT. Upon stimulating whiskers along an arc, the same alignment of their functional representations was observed than in WT. Similarly, the row and arc axis in *reeler* also intersected at a roughly perpendicular angle. It can be concluded from these observations that the spatial organization of functional sensory maps in *reeler* is essentially the same as in WT. The most parsimonious explanation for this finding is that like its WT counterpart, the *reeler* barrel cortex remains organized as a somatotopic representation of the whisker pad in spite of the otherwise extensive disruption of its laminar organization.

A degree of mismatch exists between the functional and the anatomical maps however, in that the peak of the intrinsic signals rarely perfectly matched the barrel centers. This can be explained by at least two facts. One the one hand, the exact location of the center of an intrinsic signal evoked by single-whisker stimulation is determined not only by the center of the corresponding barrel, but also by the location of the nearest penetrating arteriole ([@BHU052C2]), suggesting that a small degree of "built in", physiological mismatch when using this method may be detected in the barrel field. On the other hand, the accuracy of our reconstructions and warping algorithm are limited. Any inaccuracies in the alignment of successive serial sections or in the alignment of blood vessels during the warping process are likely to add up and contribute to the observed mismatch. This technical component is likely the primary contributor to the shift observed in our experiments. The mismatch itself, however, bears little consequence on the observation that WT and *reeler* functional maps are highly similar in their spatial domain and the ensuing conclusion that somatotopy exists in the *reeler* barrel cortex, and should not be interpreted as illustrating a biological mismatch between structural and functional maps ([@BHU052C20]).

Single-Whisker Stimulus Representation in Barrel Cortex {#s3c}
-------------------------------------------------------

How is a discrete parameter of individual whisker stimulation such as frequency represented in the *reeler* barrel cortex? We investigated this question by stimulating whisker C2 for 2 s at frequencies of 1, 5, 10, and 25 Hz, a frequency range that overlaps with spontaneous whisking as observed in awake behaving rodents ([@BHU052C6]), and measured the peak amplitude of the response (Fig. [4](#BHU052F4){ref-type="fig"}*A*,*B*). The amplitude of the response increased with increasing stimulation frequency in both genotypes. The range of the peak amplitude of the response was somewhat smaller in *reeler* than in WT mice, but this effect was not statistically significant (2-way ANOVA with repeated measures, genotype and frequency; effect of frequency, *P* \< 0.001; no effect of genotype, *P* = 0.71; no genotype × Frequency interaction, *P* = 0.67; *n* = 11 WT and 12 *reeler*). We conclude that under similar experimental conditions, the intrinsic signals evoked by single-whisker stimulation are comparable across the range of frequencies we tested. Therefore, in spite of the loss of lamination and resulting cortical disorganization, cortical processing of sensory information in the barrel cortex as measured with intrinsic imaging seems indistinguishable between *reeler* and WT.

Tactile information in the rodent whisker to barrel pathway reaches the somatosensory cortex primarily through thalamocortical synapses clustering in LIV barrels. From there, information spreads vertically through intracolumnar projections from LIV to the supra- and infragranular layers, but also horizontally through transcolumnar projection originating in LII/III, IV, and V ([@BHU052C46]; [@BHU052C53]). The sensory evoked intrinsic signals we recorded in our experiments covered an area spanning several barrels (Fig. [3](#BHU052F3){ref-type="fig"}*A*,*C*), and most likely represent the horizontal span of effective corticocortical connections conveying information to neighboring columns. Differences in the size of the area activated by whisker stimulation may therefore provide evidence of altered transcolumnar connectivity in the disturbed cortex of the *reeler* mutant. In order to address this issue, we measured the area contained within fixed activation thresholds (1 to 5 × 10e−4) and compared both genotypes on that basis (Fig. [4](#BHU052F4){ref-type="fig"}*A*,*C* and Table [1](#BHU052TB1){ref-type="table"}). Statistical analysis (2-way ANOVA, genotype and threshold) was carried out separately for each frequency. We consistently found an effect of the threshold on the area (*P* \< 0.01 for all frequencies, *n* = 11 WT and 12 *reeler*) but not of the genotype (*P* = 0.12; *P* = 0.09 and *P* = 0.35 for 5, 10, and 25 Hz, respectively) and no genotype × threshold interactions (*P* = 0.99; *P* = 0.97 and *P* = 0.96 for 5, 10, and 25 Hz, respectively). These results do not support the hypothesis that *reeler* transcolumnar connectivity differs from WT in its horizontal reach. Table 1Cortical area covered by intrinsic signal evoked by whisker stimulation at different frequencies in *reeler* and WTGenotypeWT*Reeler*Frequency (Hz)5102551025Threshold (×10^--4^)−50.04 (0.15)0.11 (0.14)0.13 (0.12)0.20 (0.15)0.16 (0.11)0.26 (0.12)−40.09 (0.11)0.12 (0.11)0.19 (0.11)0.24 (0.12)0.18 (0.09)0.34 (0.12)−30.22 (0.11)0.18 (0.09)0.28 (0.11)0.35 (0.12)0.32 (0.08)0.43 (0.11)−20.48 (0.11)0.32 (0.09)0.47 (0.13)0.58 (0.12)0.46 (0.09)0.56 (0.11)−10.73 (0.11)0.60 (0.10)0.77 (0.14)0.82 (0.12)0.77 (0.09)0.67 (0.25)[^1]

Cortical Vasculature in Reeler and WT Mice {#s3d}
------------------------------------------

As a functional imaging technique, optical imaging of intrinsic signals measures multicomponent hemodynamic signals including hemoglobin oxygenation level, blood flow, and volume ([@BHU052C36]; [@BHU052C61]). Functional mapping with such a technique depends critically on there being a densely interconnected microvascular network in the cortical area under scrutiny, capable of supplying blood to regions of heightened neuronal activity with a high spatial fidelity. Can the loss of reelin and the ensuing disturbance in neocortical development also alter the development and patterning of the cortical vascular bed? We sought to answer this question by staining coronal sections of WT and *reeler* animals with DAB, which reveals the hydrogen peroxidase rich erythrocytes left in the cortical vessels after immersion fixation and provides a suitable surrogate staining for blood vessels in sections of adult mouse cortex (Fig. [5](#BHU052F5){ref-type="fig"}*A*,*B*). We measured the density of blood vessels contained in the cortex in 100 μm bins, starting 100 μm below the pia because of the higher background staining immediately below the pia. Results are shown in Figure [5](#BHU052F5){ref-type="fig"}*C*. The distribution of blood vessels in WT broadly varied with increasing depth, with the supragranular layers containing a higher density of vessels than the infragranular layers. Vascular density peaked at a depth of 300--400 μm, which extended across the LII/III to LIV border into LIV in our sections. The vascular density was significantly higher at depth of 200--400 μm than at depths of 700--1000 μm (ANOVA, *P* \< 0.05 in all tests). The vascular density in *reeler* mice followed a similar distribution along the depth of the cortex, peaked at a depth of 300--400 μm, but there was no significant difference in the density of blood vessel at different depths. Hence, the distribution of blood vessels across the cortical depth in *reeler* cortex varies within a narrower spectrum but follows the same pattern than in WT. Thus, the results obtained with intrinsic imaging are unlikely to be skewed by differences in brain perfusion related to distinct anatomical organizations of the cortical vasculature in *reeler* and WT.

Discussion {#s4}
==========

The Reeler Barrel Cortex Maintains a Somatotopic Representation of the Sensory Periphery {#s4a}
----------------------------------------------------------------------------------------

We used in vivo ISOI to compare the disorganized, nonlaminated barrel cortex of *reeler* animals to its highly organized counterpart in WT in terms of sensory map organization and activation. To the best of our knowledge, we hereby provide the first demonstration of somatotopy in the *reeler* barrel cortex from in vivo functional imaging. This result reflects the existence of an orderly columnar organization in the absence of cortical layers in *reeler* ([@BHU052C14]; [@BHU052C62]; [@BHU052C4]), as the barrel field remains visible in tangential sections through the *reeler* somatosensory cortex. The persistence of a correct, functional somatotopic sensory map implies that thalamocortical fibers originating from barreloids within the ventrobasal thalamic nucleus manage to find their appropriate target columns in *reeler* animals.

As demonstrated in the present study, stimulation of an individual vibrissa evokes a hemodynamic signal centered on, and peaking at, the location of the corresponding barrel in the barrel field, indicating that neurons sharing similar receptive field properties are also grouped into barrel-related columns in the somatosensory cortex of the *reeler* mouse and demonstrating that information flow into the cortex retains a columnar organizing principle in the otherwise disorganized *reeler* cortex ([@BHU052C43]; [@BHU052C41], [@BHU052C42]; [@BHU052C46]; [@BHU052C29]; [@BHU052C23]). During cortical development, newly generated neurons deriving from common progenitors migrate radially into the cortex where they form networks of sibling neurons sharing similar receptive field properties, and the *reeler* functional columnar modules revealed by the present study are therefore likely to be composed of neurons sharing a common lineage ([@BHU052C50]; [@BHU052C71]; [@BHU052C33]). Together with the correct positioning of the somatosensory cortex within the cortical mantle, this observation can be reconciled with the view that cortical development involves the projection of an arealized protomap already existing at the level of the early proliferative cortical sheet onto the developing cortical plate through the radial migration of newborn neurons, since only the radial, and not tangential, organization of the barrel field is compromised in *reeler* ([@BHU052C50])*.* According to this view, while cortical arealization is determined by the arealization of the proliferative cortical sheet itself, the size or number of columns assigned to a given cortical area can be further modulated by thalamic input ([@BHU052C50]; [@BHU052C59]). Interestingly, the PMBSF in *reeler* occupies a proportionally larger area of the cortical mantle than in WT, mainly due to an increase in the size of the septal compartment ([@BHU052C62]). In addition, although thalamocortical axons seem to find their appropriate targets in *reeler*, some abnormalities in their trajectories within the cortex have been documented, such as the oblique rather than straight angle at which they arise from the white matter towards the pia and their subsequent descent towards their terminal fields ([@BHU052C8]; [@BHU052C28]).

Stimulus Representation and Cortical Connectivity in Barrel Cortex {#s4b}
------------------------------------------------------------------

How comparable is the cortical connectivity underlying the intrinsic signals that we observed in *reeler* and WT animals? Previous studies have reported abnormal connectivity in the *reeler* brain outside of the somatosensory cortex. Ectopic and heterologous synapses have been described in the cerebellum, such as synapses formed by mossy fibers on Purkinje cells in *reeler* cerebellum with no equivalent in WT ([@BHU052C37]; [@BHU052C67]; [@BHU052C56]). In the hippocampus of *reeler*, a fraction of fibers from the entorhino-hippocampal pathway are found in ectopic position and innervate inappropriate layers ([@BHU052C3]). These ectopic fibers are likely to form functional synapses, and a fraction of mossy cells have indeed been found to receive aberrant, direct input from fibers of the perforant path ([@BHU052C31]). Furthermore, in the same study, mossy cells which do not receive direct input from the perforant path have been found to respond with a much lower temporal precision to disynaptic activation through stimulation of the perforant path than their WT equivalents. These results indicate that as a population, mossy cells are likely to fire in a much more asynchronous manner in *reeler* with respect to WT, leading to the notion that proper hippocampal network function might be compromised in *reeler*.

Should similar abnormalities occur in *reeler* somatosensory cortex, they would raise the question of whether network function remains similar to WT, and first and foremost, whether similar sensory input would be able to drive cortical network activity in an appropriate manner. Although no formal proof of aberrant connectivity in *reeler* somatosensory cortex is available as of yet, the existence of aberrant connections has been postulated ([@BHU052C9]; [@BHU052C8]). Interestingly, in the *reeler* visual cortex, a comparatively larger fraction of neurons are responding only poorly to visual stimulation, as could conceivably occur if either the thalamocortical input or its amplification within the cortex were weaker ([@BHU052C18]; [@BHU052C34]).

In the present study, we used ISOI to measure the cortical response to a controlled sensory stimulation. The sensory evoked hemodynamic signals did not differ in amplitude between both genotypes, which is likely to reflect the fact that thalamocortical input to both cortices was similar under our experimental conditions. In addition, we found that single vibrissa stimulation evokes a hemodynamic response that spreads further horizontally than the size of the corresponding barrel to encompass a large fraction of the barrel field, in agreement with previous reports ([@BHU052C39]; [@BHU052C10], [@BHU052C12]; [@BHU052C19]). Our intrinsic signals were acquired from a depth of 300 μm below the pia, implying that our signals were dominated by granular and supragranular layer sources in WT animals. Tactile information reaches the somatosensory cortex through thalamocortical synapses clustering in LIV barrels. From there, excitation spreads vertically to and horizontally within LII/III to neighboring columns, presumably through transcolumnar excitatory connections originating from LIV and LII/III. A similar phenomenon occurs in LV, resulting in an hourglass-shaped profile of neuronal excitation spread, encompassing a barrel and a large domain of supra-and infragranular layers ([@BHU052C30]; [@BHU052C46], [@BHU052C45]; [@BHU052C53]). This horizontal spread of excitation causes single-whisker stimulation to evoke hemodynamic signals that cover more than the size of their corresponding barrel to actually encompass a large fraction of the barrel field, similar to what can be observed with voltage-sensitive dye imaging ([@BHU052C24]). In *reeler* mice, LII/III and LV fated cells are spread across the depth of the cortex instead of forming distinct layers ([@BHU052C62]). Because we found no increase (or decrease) in the area covered by the sensory evoked intrinsic signal in *reeler* animals, we suggest that transcolumnar corticocortical connections innervate a domain that is similar in size to what is observed in a laminated cortex.

In summary, we found no significant differences in the spatiotemporal spread or amplitude of cortical representation of controlled sensory inputs as measured by ISOI. We postulate that the responsiveness of cortical networks to thalamocortical input is unchanged in the *reeler* somatosensory cortex, and we would argue that abnormalities in corticocortical connectivity within the barrel field or electrophysiological properties of individual neurons are likely to be marginal. Although experimental evidence for this claim is still lacking, several studies have shown that long-distance connectivity indeed remains intact in *reeler* animals ([@BHU052C57]; [@BHU052C70]).

Neurovascular Response Function in Reeler {#s4c}
-----------------------------------------

A drawback of functional imaging techniques applied to the study of cortical networks is that the neurovascular response function, or quantitative relationship between any given amount of evoked neuronal activity and the corresponding hemodynamic signals being recorded, is not known explicitly in every experimental condition. Yet without this knowledge, the interpretation of hemodynamic signals with respect to the underlying neuronal processes they represent is delicate. The most straightforward way to estimate the response function is to obtain both a measure of neuronal activity and a hemodynamic signal in similar experimental conditions (if not outright simultaneously). Experiments of this type have demonstrated that the neurovascular response function can be affected by anesthesia ([@BHU052C38]) and differs depending on the anatomical structure under investigation ([@BHU052C15]). Can the response function be affected by the loss of function of reelin and the subsequent loss of cortical lamination as well? While the current study does not include a direct measure of evoked neuronal activity, further evidence that the cortex responds to sensory stimulation in *reeler* animals exists in the literature. Using a detailed analysis of c-fos staining as a measure of neuronal activity in mice upon exploration of an enriched environment, our group found no difference between *reeler* and WT animals in c-fos expression levels, suggesting that the neuronal networks in these genotypes do not differ in terms of large-scale activation in response to a whisker-dependent behavior ([@BHU052C62]). Furthermore, extracellular recordings in the visual cortex demonstrated that transcallosal and corticotectal neurons in the primary visual area have comparable receptive field properties in both genotypes ([@BHU052C32]; [@BHU052C55]). These lines of evidence suggest that behavioral activation of sensory cortex obeys comparable rules in *reeler* and WT mice. Following this assumption, the most parsimonious explanation for the lack of difference in the amplitude of the sensory evoked hemodynamic signals reported in this study is that the hemodynamic response function is largely unaffected by the loss of either reelin or cortical lamination. We therefore propose that the same tactile stimulation evokes comparable neuronal activity and hemodynamic signals in both genotypes under our experimental conditions.

The results from our imaging experiments did not seem to be skewed by large differences in the layout of the microvascular network underlying the intrinsic signal between genotypes. Using a staining protocol which labels erythrocytes rather than blood vessels, we were able to indirectly reveal the microvascular architecture in the somatosensory cortex, and found that the relative density of blood vessels peaks at a depth of ∼300--400 μm below the pia, roughly corresponding to lower LII/III and upper LIV in our sections. These results are in agreement with those obtained with high-throughput, automated histology coupled with extensive labeling of the cortical microvascular network ([@BHU052C2]). In line with a previous qualitative investigation, we found no large quantitative difference in the architecture of the microvascular network in *reeler* compared with WT animals ([@BHU052C58]). It appears, therefore, that the loss of either reelin or cortical layers does not strongly affect the development of a dense cortical blood vessel network.

In summary, we investigated the sensory map organization and function of the *reeler* somatosensory cortex in vivo and found little difference with a WT cortex. Previous studies have established that only minor abnormalities exist in electrophysiological properties of single neurons in the *reeler* cortex ([@BHU052C18]; [@BHU052C32]; [@BHU052C55]). To our knowledge, behavioral investigations of the *reeler* mutant have not revealed obvious somatosensory deficits ([@BHU052C52]). Taken together, these results indicate that *reeler* brain retains a proper function of sensory systems and therefore raise the intriguing possibility that while columnar organization of cortical networks is a ubiquitous feature of the cortex relevant to our understanding of its function, the subsequent subdivision of columnar networks into layer-specific compartments may not represent an absolute necessity for proper cortical function ([@BHU052C53]). In such a view, lamination of the cortex could be seen as an incidental consequence of the sequential nature of neuronal birth and migration, perhaps corresponding to a developmental strategy aimed at optimizing wiring costs, rather than a prerequisite for the establishment of computationally effective cortical networks ([@BHU052C13]; [@BHU052C65]). More detailed experimental approaches are necessary however, before we can fully elucidate the impact of the loss of lamination on information flow in the barrel cortex and its putative behavioral consequences, based for instance on functional imaging and single cell electrophysiology on acute thalamocortical slices ([@BHU052C46]; [@BHU052C47]; [@BHU052C31]) as well as whisker related behavioral paradigms in head restrained animals ([@BHU052C44]). Finally, the present results lend support to the notion that appropriate thalamocortical and corticocortical connections are established in *reeler* animals in spite of the loss of cortical lamination characteristic of this mutant ([@BHU052C28]). It thus appears that a surprisingly extensive structural and functional plasticity enables the *reeler* brain to retain a basic functionality of sensory systems, although not of higher cognitive processing ([@BHU052C52]), an interesting mismatch that remains to be understood.
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[^1]: The average areas within absolute activation thresholds are given in mm^2^ with SEM in parenthesis (*n* = 11 WT, 12 *reeler*).
